Abstract Climate change (CC) and drought episode impacts linked with anthropogenic pressure have become an increasing concern for policy makers and water resources managers. The current research presents a comprehensive methodology but simple approach for predicting the annual streamflow alteration based on drought indices and hydrological alteration indicators. This has been achieved depending on the evaluation of drought severity and CC impacts during the human intervention periods to separate the influence of climatic abnormality and measure the hydrologic deviations as a result of streamflow regulation configurations. As a representative case study, the Lesser Zab River Basin in northern Iraq has been chosen. In order to analyse the natural flow regime, 34 hydrological years of streamflow prior to the main dam construction were assessed. The Indicators of Hydrologic Alteration (IHA) method has been applied to quantify the hydrological alterations of various flow characteristics. In addition, an easy approach for hydrological drought prediction in relatively small basins grounded on meteorological parameters during the early months of the hydrological year has been presented. The prediction was accomplished by implementing the one-dimensional drought examination and the reconnaissance drought index (RDI) for evaluating the severity of meteorological drought. The proposed methodology is founded on linear regression relations connecting the RDI of 3, 6, and 12 months and the streamflow drought index (SDI). The results are critical for circumstances where an early exploration of meteorological drought is obtainable. Outcomes assist water resources Water Resour Manage
Introduction

Background
One of the main water-related hazards is drought (Mishra and Singh 2010) , which is commonly considered as a three-dimensional episode categorised by its severity, duration and impacted region (Tsakiris and Vangelis 2005; . There are numerous proposed methodologies for drought identifying, quantifying and monitoring. The most widespread methods, which are distinctive collections of indicators involving meteorological, hydrological and other data, are the drought indices (Tsakiris and Vangelis 2005; .
Drought indices are vital and practical elements for characterising drought and supporting policy makers in mitigating its impacts on various water sectors. Noticeably, indices make it easier to transfer climate anomaly information to a wide range of audiences and assisting scientists in the evaluation of quantitative weather abnormalities in terms of their intensity, frequency, areal extent and duration (Mishra and Singh 2010; Yu et al. 2013) .
A high number of meteorological drought indices with different intricacy have been utilised for various climatic conditions and objectives. Examples of the most common indices are as follows: Palmer drought severity index (PDSI), Palmer hydrological drought index (PHDI), standardised precipitation index (SPI), rainfall anomaly index (RAI), standardized anomaly index (SAI), deciles, percent of normal, crop moisture index (CMI), soil moisture drought index (SMDI), and surface water supply index (SWSI) as well as such indices based on the normalised difference vegetation index (NDVI). For more details of the most common indices, interested readers may refer to Heim (2002) .
The SPI is considered by The World Meteorological Organisation as a universal drought index because of its capacity to be estimated for various reference periods adapting to the different response times of typical hydrological characteristics to precipitation (VicenteSerrano et al. 2015) . The index permits exposure of various drought classifications affecting different regimes and regions. Still, there are shortages related to its failure to detect drought conditions estimated not by a shortage of precipitation (P) but by a higher than normal aerial evaporative requirement, which is challenging (Tsakiris and Vangelis 2005; Cook et al. 2014) . Therefore, recent drought trend studies (Shahidian et al. 2012; Vicente-Serrano et al. 2015) and drought scenarios under potential CC projections (Cook et al. 2014 ) depended on drought indices that take into account P and the aerial evaporative requirement. Tigkas et al. (2015) introduced a brief overview of the theoretical basis of the reconnaissance drought index (RDI) together with some practical applications with a specialised software package called drought indices calculator (DrinC). The RDI is founded on two meteorological parameters, P, which is observed, and the potential evapotranspiration (PET), which is estimated. Furthermore, cyclical river flow components anomaly such as high and low flows resulted from natural (i.e. climate change (CC)) and man-made (i.e. river damming) climatic conditions has produced enormous concerns expressed by hydrologists due to consequences for riverine ecosystems (Suen 2008; Doll and Zhang, 2010; Al-Faraj and Scholz 2014; Mittal et al. 2016) . For estimation of the natural and altered hydrologic systems, a simple tool, which is known as the Indicator for Hydrologic Alteration (IHA), has been developed by The Nature Conservancy (The Nature Conservancy 2009). Through calculating the hydrologic characteristics for the preimpact and post-impact periods, the IHA can be utilised to assess how the stream system would be altered due to river regulation such as dam building.
Literature exposes that considerable research work has been undertaken to assess the hydrologic anomalies of natural flow regimes (Yan et al. 2010; Gao et al. 2013; Sun and Feng 2013; Jiang et al. 2014; Wang et al. 2016 ). Yet, most of the recent research has focused on the streamflow alteration from an ecological point of view (Suen 2008; Doll and Zhang 2010; Kim et al. 2011; Lee et al. 2014; Mittal et al. 2014; Stagl and Hattermann 2016) and not from a hydrological one. In addition, they did not consider to incorporate anthropogenic interventions, CC and drought event impacts within a comprehensive study.
Therefore, the prime aim of the study is to evaluate the streamflow hydrological anomalies due to anthropogenic interventions such as dam building, incorporated with CC and drought phenomena impacts, attempting to assess to what extent the anthropogenic intervention impacts linked with natural climatic phenomena would alter basin hydrological properties. Based on the authors' best knowledge, this is a novel effort at exploring the anthropogenic interventions, CC and drought severity effects on the basin hydrologic features.
Aim and Objectives
The major aim of this research is to investigate the impacts of CC and anthropogenic interventions on streamflow alteration in addition to the prediction of hydrological drought for relatively small basins based on meteorological data. The corresponding objectives are (a) to introduce a methodology for applying the climate forecasting system reanalysis (CFSR) dataset to attain historical meteorological data and to assess its applicability on CC studies, drought event estimations, and hydrological alteration detections; (b) to investigate the characteristics of spatio-temporal change of meteorological data at monthly and annual time scales; (c) to analyse the response of PET to the temperature variations; (d) to assess the temporal alteration of hydrologic regimes related to CC impacts coupled with anthropogenic interventions over the whole watershed; (e) to evaluate the potential CC impact, drought phenomenon and anthropogenic interventions on streamflow volume; and (f) to present a generic and simplified method for hydrological drought prediction in relatively small basins based on weather data.
Theory
Trend Investigation
In order to detect a trend in long time series of hydro-climatologic data, there are different tests that can be used such as parametric and non-parametric methods (Duhan and Pandey 2013) . In this research, parametric (linear regression) and non-parametric (Mann-Kendall (M-K)) were used. The former method is distinguished by its simplicity and requires variables to be normally distributed (Tabari and Taalaee 2011) . However, the latter technique has the advantage of not assuming any data distribution and is similarly powerful to its parametric competitors (Zhang et al. 2008) . The following section briefly explains the applied methods.
Parametric Method
Simple linear regression is often performed to investigate the relationship between variables of interest and obtain the change of hydro-climatologic variables with time. A positive slope indicates a rising trend, whereas a negative slope is indicative of a decreasing trend. Another advantage for this test is that it gives a measure of significance founded on the hypothesis test regarding the slope and also delivers the magnitude of the degree of alteration (Hirsch et al. 1991) . By multiplying the slope by the number of years, the total change during the period under observation can be received.
Non-Parametric Method
The M-K test is a non-parametric method for assessing if there is a monotonic downward or upward trend of the parameter under consideration with time (Tabari and Taalaee 2011) . A monotonic upward (downward) tendency indicates that the parameter consistently rises (declines) during the period. However, the trend might or might not be linear. The M-K test can be applied instead of a linear regression analysis, which can be applied to investigate if the slope of the predicted linear regression line is unlike zero. The regression analysis demands that the residuals from the fitted regression line are normally distributed. Such an assumption is not required by the M-K test. For more details about M-K test, readers may refer to previous studies (Tabari and Taalaee 2011; Robaa and AL-Barazanji 2013) .
Reconnaissance Drought Index (RDI)
The reconnaissance drought index (RDI) can be shown in the alpha (RDI αk ), normalised (RDI n ) and the standard (RDI st ) forms. The RDI st can be used to assess the drought severity, whereas the RDI αk can be used as an aridity index. The index is mainly founded on the aggregated P and PET theories. The RDI αk is normally estimated for the i-th year at a time basis of j successive months. The values of RDI αk match both the lognormal and the gamma distributions in various positions.
A positive value of RDI st relates to a wet period. In comparison, a negative value is indicative of a dry period in comparison to the natural conditions of the study region. The drought severity phenomena increase when RDI st values are minimal. The drought severity can be classified into mild, moderate, severe and extreme classes. The corresponding limit values of RDI st are -0.5 to -1.0, -1.0 to -1.5, -1.5 to -2.0, and < -2.0, respectively. The RDI is estimated for a hydrological year in 3-, 6-, 9-and 12-month reference time periods. This indicates a variable quality of RDI compared to other drought indices since it is computed for pre-determined reference periods of time (Tigkas and Vangelis 2013) .
Hydrological Drought Index
The hydrological drought index (SDI) is founded on the cumulative streamflow volumes S i,k for each reference period k of the i-th hydrological year. For most small basins, streamflow may follow a skewed probability distribution. This can be approximated well by gamma distribution functions. The distribution is then transformed into normal. The SDI index can be defined by applying a two-parameter lognormal distribution.
A value of SDI greater than zero relates to a non-drought period. In comparison, a negative value is indicative of a drought period in comparison to the natural conditions of the study region. The hydrological drought severity increase when SDI values are minimal. The hydrological drought severity can be classified into mild, moderate, severe and extreme classes. The corresponding limit values of SDI are 0.0 to -1.0, -1.0 to -1.5, -1.5 to -2.0, and < -2.0, respectively (Nalbantis 2008; Nalbantis and Tsakiris 2009 ). An integer number ranging from 0 (non-drought) to 4 (extreme drought) is usually considered.
Materials and Methods
Representative Case Study Region
The Lower Zab River (also known as Little Zab River and Lesser Zab River) is one of the main tributaries of the Tigris River, and is situated with its tributaries between latitudes 36°50′ N and 35°20′ N, and longitudes 43°25′ E and 45°50′ E (Mohammed and Scholz 2016); see also Online Resource 1.1. The Lower Zab River originates from the Zagros Mountains in Iran, and flows about 370 km south-east and south-west through north-western Iran and northern Iraq before joining the Tigris near Fatha city, which is located about 220 km north of Baghdad , with a total length of approximately 302 km and about 80 km south of the Greater Zab River.
There are a number of tributaries contributing to the river discharge such as the Banah and Qazlaga. The catchment area of the Lower Zab Basin (LZRB) and its tributaries is approximately 19,254 km 2 with nearly 76% of the basin located in Iraq. The mean annual storage of the Lower Zab at Dokan and at the downstream station of Altun Kupri-Goma is about 6 billion cubic meters (BCM) and 7.8 BCM in this order. The corresponding mean contribution to the Tigris of 191 m 3 /s and 249 m 3 /s for the two stations, respectively . Online Resource 1.2 indicates the average annual flow variability of the river Zab, which is characterised by regular oscillation of dry and wet periods at both gauging stations (USGS 2010). The mean, maximum and minimum discharges of the Lower Zab are 227, 3420 and 6 m 3 /s, respectively (Al-Ansari et al. 2014; . The Lower Zab crosses rather diverse ecological and climatic zones. Annual P along the river course decreases from more than 1000 in the Iranian Zagros to less than 200 mm at the confluence with the river Tigris. Moreover, mean temperatures follow the same gradient. The mountain valleys are usually subjected to colder winters than the corresponding foothill areas. However, summers in the latter are usually hotter (NOAA 2009) .
Dokan is the main dam that has been constructed in the Iraqi portion of the LZRB, whereas Iran is recently constructing one dam with two others in the planning phase. The Dokan, which is a multi-purpose arch dam, was constructed between 1957 and 1961 upstream from Dokan town with a maximum capacity of approximately 6970 million cubic meters (MCM), crest height of 116 m above the river bed (516 m) and a length of 360 m. The main dam functions are to control the discharge of the Lower Zab, store water for irrigation and to provide hydroelectric power.
Climate Forecasting System Reanalysis Data
Gathering representative weather data for basin-scale hydrological simulations might be challenging and take a lot of time. This is because the land-based meteorological stations do not usually adequately cover the climate observed over a basin for many reasons such as that they might be located far from the area of interest and are associated with missing data, which holds true for the case study area.
Accordingly, this research introduces a procedure for utilising the CFSR global methodological dataset (Saha et al. 2010 ) to gain historical meteorological data and investigate its applicability for hydrologic alteration, drought severity assessment and CC studies. The CFSR data are based on a dataset created by the National Centres for Environmental Prediction (NCEP) as a part of a climate forecast system (Chen and Emily 2014; Dile and Srinivasan 2014; Saha et al. 2014) .
The CFSR dataset supersedes the previous National Centers for Environmental Prediction (NCEP)/National Center for Atmospheric Research (NCAR) reanalysis dataset that has been immensely utilised in previous down-scaling research (e.g., Michelangeli et al. (2009) and Maurer et al. (2010) ). Recent research in water resources (Srinivasan 2014; Adeloye et al. 2016; Soundharajan et al. 2016; ) dependent on the CFSR dataset. For example, confirmed the CFSR data reliability by applying the dataset to evaluate the potential effect of evapotranspiration formulations at different elevations and climatic conditions on the RDI index. The CFSR dataset covers the period from 1979 to 2014 with a spatial resolution of 0.5°× 0.5° . Concerning data reliability in watershed-scale modelling, Fuka et al. (2013) confirmed that applying the CFSR data as input to the hydrological model produces streamflow, which are as accurate as or even better than models derived through popular meteorological stations, particularly in the case that the stations are located greater than 10 km from the area of interest.
Information Availability and Application of the Method to the Case Study
Daily meteorological data from 30 stations were available for the period between 1979/80 and 2013/14. Daily streamflow data were accessible for Dokan station for the duration of 82 years.
ArcGIS 10.3 has been used for meteorological station location projections, Thiessen network computations, spatial analysis of the meteorological data and river basin delineation using the world borders, Iraqi Shapefiles and Lower Zab River basin files, which have been downloaded from Thematic Mapping (2009), the database of Global Administrative Areas (GADM 2012), the Global and Land Cover Facility (GLCF 2015), which is a centre for land cover science with a concentrate on study using remotely sensed satellite data and products to access land cover change for regional to universal systems, respectively.
Statistical analyses for the daily data, including monthly and annual average values, corrections and gap filling were performed using the Statistical Program for Social Sciences (SPSS) 20. Online Resource 1.3 shows the categories of the meteorological stations for the studied basin. Online Resources 1.4 and 1.5 reveal both the parametric and non-parametric tests for the meteorological variables. The estimation of PET and RDI was accomplished with a specialised software package named DrinC (Tigkas et al. 2015) .
In order to achieve an accurate estimation of the spatial distribution of rainfall, it is necessary to use interpolation methods. The weighing mean method was considered as the most important one for engineering praxis (Fiedler 2003) . This method assigns weights at each gauging station in proportion to the basin area, which is closest to that station.
To set up the method, the following steps have been accomplished using ArcGIS 10.3. The creation of a shapefile of the named watershed polygons as a function of the land cover image has been achieved by downloading the relevant information from GLCF (2015)
This step was followed by creation of two shapefiles. The first one is the basin border polygon, while the second one is the point shapefile that represents meteorological stations. Each representative point involved a value of the long-term P.
A Thiessen network (Online Resource 1.6) was created to estimate the area of each station polygon (a i ). This has been achieved depending on the following: (a) Connecting the adjacent stations with lines; (b) Constructing perpendicular bisectors of each line, and (c) The bisectors are extended and applied to form the polygon around each station. Online Resource 1.7 lists the station addresses with corresponding average P and the sub-area sizes.
Rainfall values for each gauging station (P i ) are multiplied by the area of each polygon (a i ). The next step required the computation of the average values of the P av by summing up all values obtained from the previous step and dividing the number by the total basin area according to equation (1).
where P av is the average value of the basin P (mm), P i is the average value of the station polygon P (mm) and a i is the meteorological station area. Stations are distributed both inside and outside the polygons (Online Resource 1.6). Only one P value per station has been provided to keep the procedure simple. To evaluate the deviation of the natural flow regime that resulted from CC and drought phenomena linked to the anthropogenic interventions, the Indicators of Hydrologic Alteration software version7.1 (Richter et al. 1998 ; The Nature Conservancy 2009) has been utilised.
The daily Lower Zab River flow rate ranged from 1931 to 2013 and was measured at the Iraqi side of the river. The entire records were separated into two prime categories: natural flow period and changed flow period. The first hydrological alteration has occurred in the water year 1965, which was considered as a reference water year. Accordingly, the period between 1931 and 1964 represent the pre-regulated period. However, the period that covers the hydrologic years between 1965 and 2013, which was considered as the post-regulated period.
The time intervals selected depended on the degree of anthropogenic interventions such as increasing water requirements and reservoir constructions in addition to the impact of CC. The first period between 1965 and 2013 represents the entire period since the first reservoir was constructed. The period between 1979 and 2014 was characterised by variation in climate involving two sub-periods (1979-1987 and 1998-2008) . The developed methodology enhanced understanding of the separate elements of the hydrologic variations in the streamflow. Furthermore, Online Resource 1.8 shows the normal P years during the studied period.
Results and Discussion
Historical Trends of the Meteorological Parameters
This research is based on the CFSR global methodological dataset, which is used to investigate its applicability for streamflow alteration estimations, drought severity computations and CC studies. The considered datasets represent various elevations, which ranged from 178 m to 2420 m over the case study basin. Online Resource 1.6 visualises the spatial distribution of the stations. Online Resource 1.3 shows the categories and locations of the chosen meteorological stations.
Before using the dataset, it is critical to assess its validity by assessing the correlation coefficients between variables collected from land-based stations and the CFSR. Online Resource 1.9 indicates that there is a strong correlation between the two datasets.
In order to detect the decadal trend of the key meteorological parameters, both parametric and non-parametric tests have been accomplished. Online Resource 1.4 reveals the analysis for P and air temperature for 30 meteorological stations over the studied area for the period between 1979 and 2014. Based on the outcome of the statistical analysis. Online Resource 1.10 shows the trend for the mean air temperature, P and PET over the basin. The analysis reveals that there is a significantly positive trend in annual T max at about 90% (p < 0.01) and 10% (p < 0.05) of the stations, respectively. Moreover, significant warming trends in annual T max varied from 1.909°C to 0.370°C per decade. The trend rates of T max have been usually stronger than those in the T min series. Some previous studies have reported similar conclusions in the selected region (Robaa and AL-Barazanji 2013; UNESCO 2014) .
Regarding the historical changes for the third meteorological variable PET, the statistical analysis showed that the long-term PET has increased significantly by nearly 77 (p < 0.01) and 23% (p < 0.05) of the considered stations, respectively, with a decadal growth that reached its maximum value that is approximately 36 mm (Online Resource 1.5). Both changes have contributed significantly to the reduction of the streamflow and indicated that the lower Zab river basin has witnessed CC. Variation in climate produced an alteration in precipitation, air temperature and PET, which widened the gap between the basin water storage availability and the corresponding water demand.
Drought Identification and Classification
For the purpose of drought occurrence detection, the RDI (Tsakiris and Vangelis 2005) was calculated using the available data for P and the estimated values of PET. The index is classified as a meteorological drought index because it depends essentially on meteorological parameters observed for various meteorological stations. To evaluate different types of droughts, a three-month RDI (3 RDI) is computed for a short-term meteorological drought evaluation, a six-month RDI (6 RDI) is estimated for agricultural drought, and a 12-month RDI (12 RDI) is used as an intermediate long-term drought index for hydrological drought analyses and applications (USGS 2010).
Online Resource 1.11 presents the RDI st values estimated for the studied area based on data from 1979 to 2014 as well as long-term P av and indicates that a non-uniform cyclic pattern of drought and wet periods was observed for the studied area concerning the studied time span. Evident seasonal droughts were recorded for five years during the examined record; particularly for /1999 , 1999 /2000 , 2000 /2001 , 2007 1.84, -1.67, -1.45, -2.91 and -1.53, respectively), which were also reported by many earlier studies such as Fadhil (2011) and UNESCO (2014) . Figure 1 shows the spatial distribution of the worst drought that occurred in the region during the water year 2007/2008. Generally speaking, droughts usually happen at the beginning of the wet season, which is reflected by either a decline in the P amount or a delay in P events.
As the RDI analysis shows, the drought severity over the studied basin has worsened significantly during the past twelve years. The RDI values computed between 1998 and 2011 show that critical droughts happened as the number of months with extended periods of P shortage increased. As shown in the P trend and the long-term analysis, the drought phenomenon was accompanied by a decrease in P. In addition, the P trend from the beginning of 2000 indicates that the region has been experiencing a reduction in rainfall and water resources in addition to an increase in drought periods.
Assessment of Anthropogenic Interventions Linked to Climate Variability
The potential effects of CC detection on the hydro-climatologic variables can be considered as a substantial step in the CC impacts analysis linked with anthropogenic interventions. The main consequence of CC is that the wet and dry years are characterised by high and low flows in that order. Yoo (2006) proposed that the proper periods in which annual basin P is more than Average P (P av ) + 0.75 × Standard Deviation (SD) are considered as wet years, whereas, years with annual P no more than P av -0.75 × SD are considered as dry years. Therefore, hydrological years with annual P values between these two thresholds are considered as normal years P av - Fig. 1 The spatial distribution of the worst drought that occurred in the case study region during the water years 2007 and 2008 0.75 × SD ≤ P ≤ P av + 0.75 × SD (Yang et al. 2008) . Figure 2 shows streamflow time series corresponding to normal hydrological years with wet and dry year thresholds.
On one hand, the annual alteration ratio of the entire changed timespan (1964-2013) compared to the long-term median yearly discharge for the unchanged period was calculated according to equation (2).
LZR flow alteration
where LZR altered and LZR unaltered (m 3 /s) are the median yearly changed discharge and longterm median annual natural flow for the entirely unaltered condition in this order. Figure 2 shows the anomalies of the median annual flow for the post-regulation condition based on the long-term pre-regulation median annual flow.
On the other hand, Fig. 2 reveals that the water year 1987 experienced a significant increase in the basin P av of nearly 44% more than the normal year maximum threshold. The considerable increase in P results in a substantial alteration in the streamflow to about 118%, with the corresponding annual mean flow volume of 2.31 × 10 9 m 3 (Online Resource 1.12). However, the entire opposite was recorded for the hydrological periods 1998-2001 and 2006-2008 (Online Resource 1.13). These two periods experienced a steep decline in the basin P av to nearly 40 and 60% in that order. The reduction in P av led to a substantial decline in the Lower Zab streamflow by around 66, 77 and 79% with the corresponding yearly mean flow volumes of 0. Moreover, the alteration in monthly median flows corresponding to the long-term natural flow regime and the three changed time scales and their related alteration is visualised in Fig. 3 . The alteration during the two altered time spans of the periods 1965-2013 and 1979-1987 could be considered relatively close to each other, particularly through the rainy months. The small variations can be assigned to the CC impacts, which was noticeable from the water year 1998 onward. The dramatic alteration during the non-rainy months assigned to the effect of human-induced and CC pressure in the upper part of the studied area, which in turn decreases watershed storage system availability.
Predicting Equation
For the reference periods of 3, 6, and 12 months, RDI st estimations were achieved. The linear regression lines between RDI st (3, 6, and 12 months) and SDI (12 months) for the water years 1979/80 to 2013/14 are presented in Fig. 4 . The evapotranspiration values needed for the RDI calculations were estimated applying the FAO PenmanMonteith methodology (Allen et al. 1998 ). This equation has been increasingly gaining acceptance and is used throughout the world for reference evapotranspiration estimations (Shahidian et al. 2012) . The method requires the measurement of several climatic variables such as temperature, relative humidity, solar radiation and wind speed, which are available for this research.
As the reference periods become longer, the regression equations reveal better fits, as represented by higher correlation coefficients (Fig. 4) . This can be expected, because an improve correlation is obtained by including extra data associated to the hydrological drought of the assessed year. This has been achieved for a reference period of up to 9 months by which P and streamflow co-exist. Regression equations can introduce predicts with rather high variability. Accordingly, each SDI prediction should be treated only as a representative value, particularly if it is calculated applying data from the first trimester of the water year. It follows that, this relatively simple method, which introduces findings with substantial variability, demonstrates to be valuable since pro-active measures to mitigate the effects of droughts are decided upon the class of severity category of the expected drought event and not on the absolute SDI value. 
Conclusions
The current research presents a generic method to support water resources managers to create informed and robust judgements on adaptation and mitigation policies in the face of CC. The following case study-specific conclusions could be drawn: over the studied basin, which caused a streamflow reduction by more than 80%. & The dramatic alteration during the non-rainy months attributed to the effect of humaninduced and CC pressure in the upper part of the studied area, which in turn reduced the watershed storage capacity.
